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ABSTRACT

The percentage of dark hard vitreous {DHV) kernels in Thard red spring
wheat is an imporiant grading Factor that is sssocisted with prolein content,
kernel hardness, milling propertics. and baking quality. The current vizual
methed of determining DHY and pon-DHY (NDHV) wheat kernels is
time-consuming, tedicus, and subject 1 large errors. The objective of this
research was (o classity DHY and NDHY wheat kernzls, including
kernels that were ¢checked, cracked, sprouted, or bleached using visible!
near-infrared (Vis/™IR) spectroscopy. Spectra from single DHY and
MOHY kernels were collected using o diode-array NIR spectrometer. The
dorsal and crease sides of the kernels were viewed. Three wavelength
regions, S00-T50 am, 750=1,700 nm, and 300-1700 nm were compared,
Spectra were analyzed by using partial least sguares {PLS) regression,
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Results suggest that the major conributors to classifying DHY and NDHY
kernels are lighl scattering, protein content, kernel hardness, surch content,
and kemmel color effects on the absorption spectrum. Bleached kernels
were the most difficult e clessily because off high lighiness valees, The
sample set with bleached kernels yielded lower elassification acouracics
of 91.1-97.1% compared with 97.5-100% for the sample se1 without
bleached kernels. More than 75% of misclassificd kernels were bleached.
For sample sels without hleached kernels, the classification models that
included the dorsal side gave the highest classification accuracies {99.6-
100%:) for the testing sample set. Wavelengths i both the VisfNIR
regions ar the NIR region alone vielded better classification accuracics
than those in the visible region only,

The comtent of dack hard vitreous (DHVY kernels 15 a widely used
gualiry factor in grading and marketing of hard red spring wheat
(HES). The DHV kemels wsually have a notural translucent color and
high hardness index value, The vitreousness of the DHY kernels is
related to protein content and hardness (Dexter and Edwards 1998).

In the United States, DHY kernels are considered as subclasses
of HRS whaat (USDA 1997). The Grain Inspection, Packers and
Stockyard Admimistration (GIPSA} uses specific criteria to visually
determine the subclasses of HRS wheat, Kemels from an HRS
sample are considered DHV if they are 1) dark, hard, and vitreous;
2} hleached but still hard and vitreous; 3) checked or eracked with
cloudy or shadowy spots but are still dark, hard, and vitreous: or
43 hard red winter and soft red winter wheat kernels within the HRS
sample. but 01l dark, hard, and vitrcous, Kemels are comsiderad
nen-DEHY (NDHY) if they are 1) yellow or contain a mottled spot;
2) green immature kemels: 3) severely affected by scabs 4) sprouted;
or 5) hard white, soft white, or durum wheat. Foreign material also
is classed as NDHV. Three subelasses of RS wheat are defined
by the percentage by weight of DHV kernels present in a 15-g rep-
resentative sample that is dockage-free with no shrunken or broken
kemnels. Wheal is assigned to the subclasses of dark northem spring
wheal if it contains 275% DHV kernels; northern spring wheat if
i containg 25-T3% DIV kemels; or red spring wheat if it has
<25% DHVY kemels. The cument visual method of determining
DHY and NDHY wheat is time-consuming, tedious, and subject 10
large errors, and inspectors may not agree on classifications (Dexter
and Edwards 1998). Therefore, an objective and reproducible means
of determining DIV and NDHY kernels is needed.

Mear-infrared (NTR) spectroscopy bas been usaed successfully to
mieasure wheat characleristics such as hardness (Delwiche 1993);
protein content (Delwiche 1993, 1998) wheat class (Delwiche and
Massic 1996); color class (Wang et al 199%,b); insect damage
iDowell et al 1998, 199%:a); and scab (Dowell ot al 19994h). Dowell
(20005 studizd the possibility of using NIR spectroscopy to identify
vitrecass and nonvitreous single kemels of dunem wheat, Thoss results
showed that NIR spectroscopy could be used o quantify the
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vitreousness of durum wheat, possibly because of protein, starch, or
scatiering effects on NIE absorption. The objective of this research
was to classify HRS DHV and NDHVY kemels, including kemels
that are checked, cracked, sprouted. and bleached by using visible/
NIR (Vis/NIR) spectroscopy.

MATERIALS AND METHODS

Wheat Samples

Fourteen wheat samples {100 gh were obiained from GIPSA and
separated into DHY kernels and NDHV kemels by a four-member
pangl from the Board of Appeals and Beview (BAR) section of
GIPSA (Tuble 1. Each kernel was placed into the DHY or WDIY
class by a unanimous decision of the panel, Forty kemels from 2ach
sample were randomly selected lor Vis/NIR analysis.

Spectra Collection

Spectra from DAY and NDHY single kemels wene collected using
a diode-armay spectrometer (DATHN), Peran Instruments, Springlicld,
IL). This spectrometer measures extended visible (400750 nm) and
NIR (750-1,700 nm) reflectance at o rate of 30 spectra per second.
Single kermels were placed in a black V-shaped trough (12 mm long,
10 mm wide, and 3 mm daep) and illuminated with a guartz ngsten
halogen (QTH) light through a fiber bundle (8 mm dizmeter) posi-
tioned 13 mm from the wp of the wough and oriented 45" from
vertical. The reflectance probe (2 mm diameter) was oriented verti-
cally 9.5 mm [rom the tp of the trough. The reflectance probe caried
the reflected energy o a spectrometer. Wheat kemels (360 from 14

TABLE I
Whieat Semples Used for Classification of Dark Hurd Vitreous (DIIV)
and Non-DHY Wheat Kernels®

DHY Wheat Samples

Clean HES
Rlcached HRS
Crucked RS

MNDHY Wheat Samiples

lean HRS
Blcached HRS
Sprouted HRE

HEW SRW

Ulnigque HEW® FERW

Crucked HRES SWH
HITWH
Durum

aq = 560 from 14 wheat samples: HES = hard red spring; HRW = hard red
winter, SHEW = sofl red winter, SWH = soft white: HDWH = hard dark
white: and 40 kemels were used for each wheat sample

* Unique HRW 1z a Califormia hard sed spring wheat cla ssified as HEW.



wheat samples) were measured with two orientations: dorsal side
and crease side. For cach kemel, eight spectra per orientation were
collected and averaged. The wavelength repions 300730, 7301700,
and 300-1,700 nm were wsed o differentiate DHY and NDHWV
wheat kernels. A spectrum of the empty trough. wsed as a baseline,
was measured at the beginning of the test and again after every
100 kernels,

Kernel Color Measurement

Reflectance spectra from 480 o 750 nm were transferred into
L*a#b* color space. Grams/32 (Galactic Industries, Salem, NH) soft-
witte was used for kernel color determination, In the LY¥a*H™* color
space, L* vares from O {black) to 100 (perfect white). o™ ranges
from =100 1o 100 and measures green when negative and red
when positive; * varies from —100 to 100 and is 1 measure of blue
when negative and yellow when positive,

Statistical Analysis and Model Development

Spectra were mnalyzed using partial least squares (PLS) regres-
sion from the Grams/32 software package. All spectra were mean
centered before analysis. PLS is a multivariate data analysis tech-
nique designed to handle intercorrelated regressors. Two-class models
were developed to classify DHV and NDHV wheat kemels. For a
single orentation (erease or dorsal), kemnels were separoted equally
into calibration and testing sets based on even and odd numbers. For
two orientations {crease and dorsal), the spectra used from the crease
side were from odd-numbered kernels and the spectra used from
the dorsal side werz from even-numberad kemels in the calibration
and testing sample sets, respectively, The DHY kernels and NDIHV

kemels were assigned constant values of 1O and 2.0, respectively.
A kemel was considerad 1o be correctly categonzed of the predicted
valuz was below or above 1.5, respectively. Medel performance is
reported as the cross-validation of each calibration sample set and
prediction of test sample sets. The number of PLS factors reported
was the minimum required to give the best classificadon results,

RESULTS AND DISCUSSION

Classification results of eross-validation of calibration sample sets
and prediction of testing sample sets with and without bleached
kernels using PLS models are suinmarized in Tables 11 and [11,
respectively. To identify the most difficult to classify wheat samples,
the percentage of correctly elassified individual DHY and NIV
wheat samples corrasponding to the testing results in Tables IT and
I was compared in Tables IV and V. In general, the classification
accuracics were lower for the sample set with bleached kernels
than for the samplz set withowt bleached kernels. Kernel orienea-
tion and wavelength region had a significant effect on the elaysi-
fIcaton acCuracy.

Effects of Bleached Kernels on Classification of D11V
and NDHY Wheat

With the same PLS factors, the sample set with bleached kemels
yiclded lower classification accuracies (M. 7-97.1%) compared with
the sample sets without bleached kemels (97.1-100%) (Tubles I
and IIT). The performances of PLS models om the testing sample
sels showed similar results. The classification accuracies for the
testing sample scts with bleached kemels (90.7-97.1%) were lower

TABLEII
Summary of Cross-Yalidation and Testing Results Using Partlal Least Squares (PLS) for Clussilication
of Dark Hard Vitreoos (DHY) and Non-DHY Wheat Keroels Including Bleached Kernels*

Cross-Validation (%)

Testing Hesults (%)

Spectra Region Fr by NDIV Avyrage RIS NDITY Averape
S00=T50 nm
Dhorsal side 3 97.5 913 939 050 93.1 93.3
Crease side 5 §9.2 925 1.1 G106 Q00 90.7
Hoth sides 2 833 925 0T 262 9235 91.1
T50-1,700 nm
[dorsal side ] 6.7 963 954 6.7 938 93.0
Crease side 9 5.8 96.8 .4 33 a97.5 957
Both sides 12 G, 7 975 a1 06.7 973 971
500-1,700 nm
I3orsal side ] 86,7 6.5 054 058 930 95.3
Crease side 9 5.8 96.8 9.4 91.7 06,3 94.3
Both sides 15 5.8 956 057 917 Y63 04.3
* Cross-validation sample set n = 280, and resting sample set = 250,
¥ Numbcr of PLS regression fuctors,
TABLE ITL
Summary of Cross-Yalidation and Testing Results Using Partial Least Squares (PLS) for Classifieation
of Dark Hard Vitreoos (DHY) and Non-DHY Wheat Kernels Excluding Bleached Kernels®
Cross-Validation (%) Testing Results (%)
Spectra Reglon F® DHY NDITY Average IHY NDIIV Average
$00-750 nm
Dorsal side 5 100 100 100.0 1000 104110 10400
Crease side 5 98.0 06.2 971 .0 064 97.5
Both sides B 100 U8.6 99.2 9.0 UE.6 GE.8
T50=1,7008m
Dorsal side 9 100 100 100.0 100.0 1000 1000
Crease side q Q8.0 TR 8.3 q99.0 y7e 98,3
Both sides 12 100 100 1.0 99 003 40,2
S00=1,700 am
TDiorsal side 9 105 10+ [LERR) 99.4 1000 QU
Crease side 9 Qa0 978 98.3 95,0 Q8.6 93.5
Both sides 15 100 o2 W6 100.0 983 956

* Cross-validation sample set 2 = 230, and testing sample setn = 240,
" Number of PLS regression factors.
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than those for the testing sample sers without hleached kemels
{97.5-1005%). More than 75% of misclassified kemels were bleached
kernels. This probably was becauss of the discoloration of the
bleached kernels. Bleached kerngls had lower a and & values than
unbleached kemels for both DHY and NDHY kemels in the
L*a*h* color space (Table VI). This may reduce the spectral
differences between DHV and NDHV kernels for bleached kermels.
Mo significant difference in the L* values was found berween
NDHY and bleached kemels. This may result in classifving NDHWY
kernels and bleached kerncls into the sume class. Taken together,
these results indicate that the bleached kemels were the most dif-
ficult to classify,

The percentage of comectly classified individual DHY and NDHV
wheat samples corresponding to the testing results in Table 11 is
shown in Table TV. Bleached wheat samples had the lowsast average
classification accuracies (63.3% for bleached DHY kernels and
64.4% for bleached WNDHY kemels) among the individoal wheat
samples. This result offers further indication thar the bleached wheat
samples are the most difficult 1o classify for both DHV and NDHV
wheat. For DHY wheat samples, unique bhard red winter was
second most difficule w classify and its classification accuracy
(97.8%1 waus lower than that of unbleached wheat samples. For

NDHY wheat samples, ¢lean hard red spring wheat was second
most difficult o elassify with a elassification accuracy of 95.0%,
also lower than that of unbleached wheat samples. Classification
accuracies of individual DHY and NDHY wheat samples without
bleached wheat corresponding 1o the testing results in Table 11T are
shown in Table V. For DHY wheat samples, unique hard red winter
wheat was the only one difficult o classify, its classification
accuracy (96.79%) was lower than other wheat samples. This result
is consistent with the results in Tahle IV, For NDHY wheat samples,
clean hard red spring and sprouted hard red spring wheat samples
vielded lower classification accuracies (96.1 and 96.7%, respee-
tively) than the other wheat samples.

Effects of Kernel Orientation and Wavelength Region
on Classilication of DHY and NDHY Wheat Kernels

In peneral, the average classification accuracies with the dorsal
side were better than those for the crease side for both cross-
validation of calibration sample sets and prediction of testing sample
sels, especially for sample sets without bleached wheat samples
(Tahles T and III). The classification models including both the
dorsal and crease sides pave beuer classification accuracies than
the models with the crease side only. At three wavelength regions,

TABLEIV
Comparison of % Correcily Classified Individual Dark Hard Vitreous (DIIV) und Non-DITV Wheat Saniples
Corresponding to Testing Results in Table 1T

S0-750 nm TE0-1,70{} nm S00-1,700 s

Wheat Samples* Dorsal Crease Both Dorsal Crease Both Daorsal Crease Both Avg. (%)

o
(Clean HRS 100 100 10 100 L L0 103 1 100 L0
Bleached HRS 704 50,0 400 B0 7540 B0 75.0 0.0 S0.0 633
Cracked HRS 100 1] TiH) 140 Ly 160 100 140 100 100
HEW 100 10D 100 100 (L] 100 100 (R [ILY [{4)]
Unigue HEW 100 o0 95.0 100 2.0 ] 10K} 100 104 978
Cracked HRS 1040 100 104} T 10 100 100 K] 104 100
Ave, (% 95.0 916 292 25,7 933 96.7 95.8 a1.7 21.7

MNITHY
Clean HRS 95.0 E5.0 %00 100 3.0 100 95.40 a5.0 130 95.0
Bleached HRS 50.0 43.0 0.0 s0.0 850 20.0 5.1 750 L0 4.4
Sprouted HRS 100 Q5.0 L 100 100 100 100 104 134 904
SRW 104) 93.0 (KLY 1 104 100 1 0} 1K1 104 99.4
HEW 160 100 Lo 100 100 100 100 104 130 100
5WH 104) 100 | 00 LI} 104 950 1 0} 1K) 106 994
HDWH 104} 1 L 104 104 95.0 1) 10 1040 Q9.4
Duram 1041 100 1 0y 101 100 100 1060 10K 100 100
Ava. (%) 93.1 Q0.0 el 93.3 w15 7.5 95.0 4.3 6.3

" HES = hard red spring, HRW = hard red winler; SWH = soft white; HDWH = hard dark white; n = 20 kernels for each wheat sample,

TABLE Y
Comparison of % Correctly Classificd Individual Dark Hard Vitreous (DHY) and Non-DHV Wheat Samples
Corresponding to Testing Results in Table [11
S0-T50 nm T50-1,7T00 nm S00=1,700 un

Wheat Samples* Dorsal Crease Both Dorsal Crease Baoth Duorsal Crease Both Avg. (Fe)

[THV
Clean HRS 10y 1K1 100 100 (1L} 100 100 100 (LY 100
Cracked HRS 100 100 T 100 L 10 1) 140 100 1 Ok
HREW 100 100 100 100 ({L}] 100 100 1160 1M} 100
Umnigue HEW 100 95.0 95.0 1400 %3.0 930 93.0 Q50 100 96.7
Cracked HRS 100 100 1K) 100 (L)} 100 1060 11K 100 100
Avg. (%) 100 9.0 oa.0 100 F.1 0.0 %9.0 040 1600

MIHY
Clean HRS 100 230 83.0 140 %5.4 100 | 5.0 9510 956.1
Sprouted HRS 1 LHIEN] G50 100 H3Al 1O 100 Q5.0 100 967
SRW 100 100 10 100 100 100 10 10D 100 10D
HRW 1) ] 100 106 100 100 100 11081 10Kk 100
SWH 100 10 1 100 100 950 104 L0 100 QoY
HDWH 1K) 100 (LY} {10} 1040 100 [ILL 100} 100k | O
Durum 104) 100 100 104 100 14 104 1 Ok L] 104
Avg, (%) 104 6.4 8.6 101 97.9 93 160 Q.6 99.3

* HRS = hard red spring: HEW = hard red winler: SWH = saft white; HODWH = hard dark white: n = 20 kernels for each wheat sample.
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the models with the dorsal side only used fewer PLS factors than
mdels with both the dorsal and crease sides wgether, These results
indicate that the dorsal side is the best onentation for classification
of DHY and NDHY wheat kernels. This probably was due 1o the
structural differences between the dorsal and crease sides. The
depth of the crease varies with different wheat samples and kemel
sizes. Some wheat samples bave o deep crease, whereas other sam-
ples have a flat surface on the crease side. Therefore, it is likely
thatr variations in the depth of crease cause a larger spectral vari-
ation than when measured on the dorsal side.

The NIR region (750-1,700 nm) and Vis/NIR region (500-1,700
nm) gave better elassification results tum the visible region for both
cross-validation of calibration sample sets and predicdon of
testing sample sews (Table VII). Comparisens ol correct elassifica-
tion of bleached DHV and NDHY wheat kemels also showed that
classification accuracies were higher with wavelength regions of
500=1,700 nm and 750-1,700 nm than with the visible region of
500-750 nm. For bleached kemels, ¢lassification accuracies (T6.6—
B0.09%) were significanily higher with the NIR region than with
the visible region (50.8-539.9%) and with the Vis/NIE region (64.2-
T0.0%). This is probably because refle¢tance spectrum in the
visible region represents mostly the surface and physical propertics
of 2 measured object. while the reflectance spectrnum in the NIR
region represents both surface and intrinsic propenties of a measured
ahject.

Contributors to Classification of DHV and NDITV Wheat Kernely

Scanering is a major factor contributing w the classification of
DHY and NDHV kemels, The average spectra showed thart the DHY
kemels had higher log (1/R) values than the NDHV kemels (Fig. 1)
Dovavell (2000) sugoested that scattering affects the absorplion spee-
trum because WDHY kernzls have air spaces in the endosperm
that diffract and diffuse light, which cause them to appear opague
(Hoscney 1986). This results in more incident energy being reflee-
ted 10 the NIR sensor and recorded as lower log (/R values for
nonvitreous kernels. The DHV kemels are packed more tightly
and have fewer or no air spaces to diffract light. Thus, light entering
a DHV kemel is morz likely o pass through it resulting in a
higher absorbance measured by the NIR sensor Delwiche (1993)
gave a similar explunation for the relationship between vireousness
and optical density.

Figurz 2 shows beta coefficients for four-factor PLS calibration
models resulting from dorsal side, crease side, and both sidas
togetber for the wavelength region of 500-1,700 nm. The beta

TABLE Y1
Cuolor Variations Between Dark Hard Vitreous (DHV)
and Non-DHY Wheal Kerncls
Measured as L, a, and b Values

Class I a ]

DY 43,5328 13502 12.07a
MIIHW 33,280 1300a 11495z
Bleached DHY 31,500 11201k 10,85k
Bleached NIHY 213 10,99k 10060k

4 ¥alpes within the same columo followed by differcon leners ae signi-
ficantly diffcrent at £ < 045,

coefficients are PLS calibration regression coefficients cormesponid-
ing to cach wavelength used in the calibration model, They indicate
whp;,h spectral regions are important for prediction and are relatad
to the pure-component spectrum, taking into account all the effects
of interfering components, molecular interactions, and baseline vari-
ations (Haaland and Thomas 1988). The largast peaks and valleys
indicate the most important wavelength regions in the calibrotion
model. The peaks of the beta coeflicient curves shifted slightly among
different onentations used in the models., However, these curves
are mostly in the same pattern, especially for the crease, and crease
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Fig. 1. NIR absorption curves (or dark hard vitreows (DHY) and non dark
hard witreous (MDHV) wheat kemels. Each vertical bar represents one
standard deviation.
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Fig. 2. Beln coefMeient curves of panial least squares models (four PLS
factars) for classification of dark hard vitreows (DY) and con dark hard
yvitreols [NDHY) wheat kemnels mensured on the dorsal side, crease side,
or both.

TABLE ¥1I
Effect of Wavelength Regions on Correct Classificution
of Dark Hard Vitreows (DIIV) and Noo-DEY Wheat Kernels

Cross-Validution (%) Testing Results (%)

Class SN=750 nm 750=1,700 nm S00=1,700 i S00=T50 n Tol=1,T00 mm 501,700 nm
Sample with bleached wheat 9.9 on.3 93z 91.8 959 G346
Sample without bleached wheat G987 40,4 95,0 DEH .5 0.2
Bleached wheat sample 9.2 A0 T 508 T6.7 642
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and dorsal sides tngether. Prowein content, keme] hardness, starch
content, and kemnel color are likely the main contributors 1o the
classification of DHY and NDHV kernels. In general, DHV kemels
are higher in protein content, lower in starch content, darker in
kernel color, and higher in hardness index valug than the NDHV
kernels (Dexier and Edwards 1908).

The large negative beta coellicients at 550-650 nm were related
to wheat kemel color, DHV kernels had a significant lower L value
than NDHW kernels (Table V1), This indicates that DHY kemels are
darker than NDHV kemels. The average a value of DIV kemels
is higher than that of NDHY kernels. This indicates that some
color differences cxist between DHV and NDHY wheat samples,
which was expeciad.

The large positive beta coefficients at 770-970 nm were related
mostly to protein (Delwiche 1993; Delwiche and Massie 1996; Shenk
et al 1992), Large posiive beta coeflicient values at 1,430-1,540 nm
represented absorption bands of moisture, starch, and protein (Shenk
et al 1992). The peaks at 1,670 and 1200 nm occurred aroumd the C-H
first and second overtones, The peak at 1,400 nm oceurred around
the C-H first combination overtone (Mumay and Williams 1990).
The peaks at =1,330 nm represented kemel hardness (Delwiche and
Mussie 1996). Additional peaks probably were due to PLS anempts to
explain the variation introduced by kemel size. bleaching, checks,
and cracks,

In summary, results showed that IR speciroscopy can be used
o classily DHY and NDEHY kemels. The major conmbutors w iden-
tifying DHVY and NDHV kemel likely are light scattering, protein
content, kemmel hardness, starch content, and kernzl color effects
ofl the abscrption spectrun. Bleached kernels were the most dilli-
cult w classify. Sample sets with bleached kemels vieldsd lower
classification accuracies than sample sets without bleached kemels.
More than 73% of misclassified kernels belonged to bleached wheat
samples. Both kernel orentation and wavelength region had signifi-
cant cffects on classification of DHY and NDHY kernels, Classi-
fication models hased on spectra obtained from the dorsal side
gave the best classifiention accuracies. Classification models with the
NIR wavelength region and the Vis/NIR wavelength region vielded
betrer classification results than models with visible wavelength
region only.
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